Although interactions between behavior, demography, and genetic diversity have been studied extensively for neutral molecular markers, relationships among these variables remain poorly understood for loci that are subject to selection. The genes of the major histocompatibility complex (MHC) provide a particularly appropriate opportunity to examine the impact of selection on genetic structure; the high levels of polymorphism characteristic of these loci are thought to be maintained by selective pressures arising due to pathogen exposure and inbreeding depression, both of which may be influenced by behavior and demography. To explore interactions among population structure, selection, and genetic diversity, we compared levels and patterns of MHC variability in 2 demographically distinct populations of the Talas tuco-tuco (Ctenomys talarum), a subterranean rodent that occurs in eastern Argentina. Specifically, we tested the prediction that selection on 2 class II loci (DRB and DQA) should be greater in the more dense, more inbred Mar de Cobo population. At both loci, allelism and heterozygosity were greater for Mar de Cobo than for Necochea. Similarly, for both loci, estimates of the intensity of selection (corrected for differences in effective population size) were greater for Mar de Cobo, as predicted based on demographic and behavioral differences between the study populations. Interlocus differences in variability are examined with respect to the apparent function(s) of these genes, whereas interpopulation differences in intensity of selection are evaluated with regard to the demonstrated behavioral and demographic differences between Necochea and Mar de Cobo.
Understanding the factors that shape genetic variation is a fundamental goal of evolutionary research (Ford 2002; Gillespie 1991; Lewontin 1974) . For nonfunctional, selectively neutral loci, gene flow and drift are thought to be the primary forces underlying genetic differentiation (Avise 2004; Hartl and Clark 1989) . For functional loci, selection also may contribute to observed patterns of variability (Meyers and Bull 2002; Storz and Nachman 2003) . All 3 processes may be influenced by demographic factors (Dobson et al. 2004; Nunney and Elam 1994; Penn and Potts 1999; reviewed by Avise 2004; Endler 1992) , suggesting that population structure is a critical determinant of genetic structure. Although numerous studies of vertebrates have examined patterns of genetic differentiation at presumptively neutral loci (e.g., Gompper et al. 1998 , Matocq et al. 2000 , Storz et al. 2002 Sugg et al. 1996 ; but see Nachman et al. 1996) , considerably fewer data are available for loci that are subject to selection (Storz and Nachman 2003) . As a result, relationships among demography, selection, and genetic variability remain relatively unexplored for natural populations of vertebrates (Meyers and Bull 2002) .
The genes of the major histocompatibility complex (MHC) provide a compelling system for examining the impacts of demography on selection and genetic variation. In addition to typically being subject to balancing selection (Klein et al. 1993; Takahata et al. 1992 ; but see Satta et al. 1994) , these loci are relatively well understood with regard to their role in the vertebrate immune response (Apanius et al. 1997; Edwards and Hedrick 1998; Paterson et al. 1998) . The principal selective pressures thought to affect these genes are pathogen exposure and inbreeding depression (Bernatchez and Landry 2003; Hughes et al. 1994; Penn and Potts 1999) . Pathogen exposure is expected to increase with population density, particularly for pathogens that are transmitted directly between hosts (Anderson and May 1979; Arneberg 2002; Coté and Poulin 1995) . Kinship among reproductive partners is strongly influenced by the spatial distribution of related individuals (Emlen 1991; Matocq and Lacey 2004; Solomon 2003) and, accordingly, the probability of inbreeding should increase as the degree of kin structure within the population increases (Keane 1990; Koenig et al. 1996) . Given these relationships, selection and diversity at MHC genes should vary with demography.
Although numerous studies have examined MHC variation in populations known to have undergone pronounced historical changes (e.g., severe bottlenecks) due to anthropogenic factors (e.g., Hedrick et al. 1999 Hedrick et al. , 2000 Hoelzel et al. 1999; Lukas et al. 2004; Smulders et al. 2003; Van Den Bussche et al. 2002; van der Walt et al. 2001; Weber et al. 2004) , considerably fewer have explored the effects of demography on MHC variability in populations that have not experienced such events (but see Mikko and Andersson 1995) . Among those studies that have examined MHC variation in undisturbed populations, recent analyses of tuco-tucos (Rodentia: Ctenomyidae) and African mole-rats (Rodentia: Bathyergidae) suggest that social structure is an important correlate of selection on MHC loci (Hambuch and Lacey 2002; Kundu and Faulkes 2004) . Density and degree of philopatry are fundamental components of social structure (Maher and Lott 2000; Solomon 2003; Travis et al. 1995) and, hence, these interspecific comparisons provide intriguing suggestions regarding the effects of demography on MHC variation. Ideally, however, efforts to assess the impact of density and degree of philopatry on MHC genes should exploit intraspecific differences in these parameters, thereby avoiding the potentially confounding effects of other amongspecies differences in behavior, population structure, and associated patterns of inbreeding and pathogen exposure.
Here, we compare patterns of genetic variability in 2 demographically distinct populations of the Talas tuco-tuco (Ctenomys talarum) in order to explore the effects of demography on selection and MHC variability. This species of subterranean rodent inhabits coastal sand dunes in eastern Buenos Aires Province, Argentina. Long-term field studies of these animals have revealed that populations of C. talarum at Mar de Cobo and Necochea differ significantly with respect to population density and kin structure (Busch et al. 1989; Cutrera et al. 2005; Malizia et al. 1995) , providing an ideal opportunity to assess relationships among these variables, selection, and genetic structure at MHC loci. Specifically, we test the prediction that greater density and degree of inbreeding in the Mar de Cobo population are associated with increased variability and selection at 2 MHC loci. Because variation at MHC genes also may be influenced by factors that affect genome-wide variability (e.g., population bottlenecks [Seddon and Baverstock 1999] and small effective population size [Miller and Lambert 2004; Seddon and Ellegren 2002] ), we use analyses of nonfunctional microsatellite markers to assess the role of selectively neutral processes (e.g., genetic drift) in explaining observed patterns of MHC polymorphism in the study populations.
MATERIALS AND METHODS
Study populations.-Populations of C. talarum at Mar de Cobo (378459S, 578569W) and Necochea (388339S, 388459W), Buenos Aires Province, Argentina, have been studied since 1987 by C. Busch and colleagues at the Universidad Nacional de Mar del Plata (Busch et al. 1989 ). Animals at both localities occur in coastal dune habitats that are characterized by sandy soils and that are dominated by Panicum racemosum, Ambrosia tenuifolia, and Distichlis scoparia; detailed descriptions of these sites are provided by Comparatore et al. (1991 Comparatore et al. ( , 1992 . The study populations are separated by approximately 150 km (Fig. 1) . Because portions of the intervening coastline contain no C. talarum and because populations of this species do not occur further inland in this area (Contreras and Reig 1965; Reig 1964) , current gene flow between Mar de Cobo and Necochea is unlikely.
The populations of C. talarum at Mar de Cobo and Necochea differ markedly with respect to several demographic attributes. For example, the adult sex ratio at Mar de Cobo is more female-biased (Mar de Cobo: 3:1 females : males, Necochea: 1:1- Busch et al. 1989; Busch 1991, 1997; and the degree of polygyny in this population appears to be more extreme than at Necochea (Zenuto et al. 1999a (Zenuto et al. , 1999b (Zenuto et al. , 2002 . Perhaps more relevant to analyses of MHC variation, density and kin structure also differ between these populations. Examination of data collected over the past 18 years (Busch et al. 1989; Malizia et al. , 1995 A. P. Cutrera and R. R. Zenuto, in litt.) indicates a significant tendency for population density to be greater at Mar de Cobo (mean 6 SD ¼ 57 6 6 adults/ha) than at Necochea (15 6 4 adults/ha; Student's t-test, t ¼ 13.62, d.f. ¼ 8, P , 0.001). At the same time, juvenile dispersal is more male-biased at Mar de Cobo and dispersal distances for both sexes are shorter for this population than for Necochea, leading to greater kin structure and apparent inbreeding at Mar de Cobo (Cutrera et al. 2005) . Accordingly, both the coefficient of relatedness among potential reproductive partners and the coefficient of inbreeding (F IS ) are significantly greater than 0 for animals from Mar de Cobo but not for animals from Necochea (Cutrera et al. 2005) .
Sample collection.-Thirty adults per population were genotyped during this study. The animals sampled included individuals from all spatial clusters of burrows within each study population (see Cutrera et al. 2005) . C. talarum is solitary, meaning that adults do not share burrow systems (Busch et al. 1989) . As a result, parentage and kinship are difficult to determine in the absence of molecular data (see Cutrera et al. 2005) . Previous studies have revealed that, at Mar de Cobo, kinship increases as the distance between burrows decreases (Cutrera et al. 2005) . Consequently, for both study sites, we sampled individuals from multiple clusters of burrows distributed over a 1-to 2-ha area to ensure that our population-level assessments of MHC variability were not based on a subset of closely related individuals.
Animals were livetrapped at Mar de Cobo and Necochea during August-November 2002, following the protocol of Cutrera et al. (2005) . In brief, each animal captured was weighed, sexed, and individually marked with a numbered metal ankle ring. A nondestructive tissue sample was obtained by removing the distal 1-2 mm of the outer digit on the left hind foot. Tissue samples were stored in 95% ethanol until analysis. Upon completion of these procedures, the animal was released into the burrow from which it had been captured. All field procedures conformed to guidelines of the American Society of Mammalogists for the capture, handling, and care of mammals (Animal Care and Use Committee 1998) .
Genetic analyses: MHC loci.-Variability at 2 MHC class II loci was assessed. Exon 2 of the DRB locus and exon 2 of the DQA locus were selected for analysis because they are known to contain the peptide binding regions of the associated MHC molecules, which are the portions of these genes that are typically most subject to balancing selection (Brown et al. 1993; Hughes and Hughes 1995) . High molecular weight genomic DNA was extracted from all tissue samples using the DNeasy tissue extraction kit (QIAGEN, Inc., Crawley, West Sussex, United Kingdom). For DRB, a 273-base pair (bp) fragment of exon 2 was amplified using primers GH46 and GH50 (Scharf et al. 1988) . For DQA, a fragment of about 600 bp containing exon 2 (177 bp), intron 2 (309 bp), and a portion of exon 3 was amplified using primers DQA1 and DQA2 (Slade et al. 1993 (Slade et al. , 1994 . Polymerase chain reaction master mixes for both loci were prepared according to Sommer et al. (2002) . Reaction conditions for all amplifications consisted of an initial denaturation at 948C for 5 min, followed by 35 cycles of denaturing at 948C for 1 min, annealing at 578C for 1 min, and extension at 728C for 1 min, with a final extension at 708C for 10 min.
All MHC amplicons were cloned and sequenced to characterize allelic variation at the DRB and DQA genes. Cloning was performed using the TA Cloning Kit with Inv aF-competent cells (Invitrogen, Inc., Carlsbad, California). To verify that cloning products matched the expected insert size, DNA from positive (white) bacterial colonies was polymerase chain reaction amplified using T7 and M13 reverse primers specific to the TA cloning vector. Each 10-ll reaction consisted of 4.8 ll of double-distilled water, 1 ll of Thermophilic DNA Poly 10 Â buffer (Promega, Madison, Wisconsin), 0.3 ll of 10 mM each deoxynucleoside triphosphate, 0.9 ll of 25 mM solution of MgCl 2 (Promega), and 1.5 ll of each of the 10 lM primer solutions. The DNA template for each reaction was obtained by touching the edge of a white colony with an autoclaved toothpick, dipping the toothpick into the master mix, and then swirling the reaction contents. The reaction was placed in thermal cycler at 1008C for 10 min to denature the template and vector DNA. A 2nd 5-ll master mix consisting of 4.35 ll of double-distilled water, 0.5 ll of Thermophilic DNA Poly 10 Â buffer, and 0.15 of Taq polymerase (Promega) was then prepared and added to each reaction. Polymerase chain reaction conditions consisted of initial denaturation at 948C for 4.5 min, followed by 30 cycles of denaturing at 948C for 30 s, annealing at 578C for 30 s, and extension at 728C for 30 s, with a final extension at 728C for 2 min.
Amplicons containing inserts of the correct size were cyclesequenced using the Big Dye Terminator v. 3.1 Cycle Sequencing Kit (Applied Biosystems, Inc., Foster City, California), after which cyclesequencing products were run on an ABI 3730 automated sequencer (Applied Biosystems, Inc.). Amplicons from 5 or 6 positive clones per individual were sequenced; this number of cloning products was sufficient to determine the genotype of each animal and to avoid reading errors or recombinant sequences generated during polymerase chain reaction amplifications (Bradley and Hillis 1997) . Each new allele detected was sequenced in both directions to confirm diagnostic base-pair changes. Sequences that differed by only a single base-pair substitution were considered distinct alleles if each variant occurred in multiple individuals, in multiple cloning products per individual (obtained from at least 2 different polymerase chain reactions and rounds of cloning), or both.
Microsatellite analyses.-Allelic variability at 8 microsatellite loci was assessed for the same animals used in our MHC analyses following the protocol of Cutrera et al. (2005 Cutrera et al. ( , 2006 . In brief, microsatellite regions were amplified using primers developed for 2 other species of Ctenomys (Lacey 2001; Lacey et al. 1999 ). Amplicons were electrophoresed using 4% denaturing gels run on an ABI 377 automated sequencer (Applied Biosystems, Inc.). Fragment sizes were determined and genotypes were assigned using Genescan 2.0 and Genotyper 1.1 (Applied Biosystems, Inc.).
Detecting selection.-Sample sizes typical of many studies of freeliving vertebrates make it difficult to detect selection (Hedrick et al. 2000) . Consequently, we employed both population-and molecularlevel tests to detect departures from neutrality at the 2nd exons of the DRB and DQA loci. Although processes such as drift and gene flow should affect all loci, selection is expected to influence only a portion of the genome (Nielsen 2001) . As a result, comparisons of variability at neutral and MHC loci can be used to distinguish selection from other sources of genetic diversity (Garrigan and Hedrick 2003) . To provide information on population-level neutral genetic variation at Mar de Cobo and Necochea, we used data from the 8 microsatellite loci surveyed (Cutrera et al. 2006) . For the same reason, we also examined variability at the presumably neutral intron 2 of the DQA locus (see below).
Population-level tests for selection.-To detect population-level evidence of current selection on MHC loci (Garrigan and Hedrick 2003) , Hardy-Weinberg tests were used to determine if observed heterozygosities for DRB (exon 2) and DQA (exon 2 and intron 2) were significantly in excess of those expected based on allele frequencies within each study population. To detect population-level evidence of selection on these loci over longer time periods, EwensWatterson tests were conducted (Ewens 1972; Garrigan and Hedrick 2003; Watterson 1978) . Both types of tests as well as analyses of linkage disequilibrium between these loci were performed using Arlequin 2000 (Schneider et al. 2000) . As an alternative approach to detecting population-level evidence of selection, we calculated Tajima's D for each study population using DNAsp 4.0 (Rozas et al. 2003) . This statistic uses the normalized difference between h (estimated from the number of segregating sites, S) and the average number of pairwise base-pair differences between sequences (K) to determine whether intermediate-frequency alleles are overrepresented in the population, as would be expected under balancing selection (Tajima 1989) . Although Hardy-Weinberg, Ewens-Watterson, and Tajima's D analyses may yield significant results due to factors other than selection (Ewens 1972; Tajima 1989; Watterson 1978) , consistent departures from neutrality across multiple tests provide compelling evidence of selection on the DRB and DQA loci.
Molecular-level tests for selection.-To detect molecular-level evidence of selection, rates of nonsynonymous (d N ) to synonymous (d S ) base-pair substitutions (Nei and Gojobori 1986) were calculated for DRB (exon 2) and DQA (exon 2) using DNASP 4.0 (Rozas et al. 2003) . Because neutral sequences are expected to accumulate both types of substitutions at similar rates, an excess of nonsynonymous changes (d N /d S . 1.0) is considered indicative of positive selection (Hughes and Nei 1989) . Accordingly, for the 2 exons examined, we expected to find an excess of nonsynonymous changes. Departures from neutrality for d N /d S ratios were assessed using MEGA 2.1 (Kumar et al. 2001) .
Because the algorithm of Nei and Gojobori (1986) estimates d N /d S over the entire region sequenced, the resulting ratios may include codons that are subject to different forms of selection (e.g., balancing as opposed to purifying selection). Hence, we employed the maximumlikelihood approach of Goldman and Yang (1994) to test for the presence of variable d N /d S ratios among codons from the same sequence. This procedure is based on an explicit model of codon substitution that takes into account both the observed transition/ transversion ratio (K) and the observed distribution of base pairs at each codon position when estimating x, which is equivalent to d N /d S (Goldman and Yang 1994) . Estimates of x were generated following the protocol of Yang et al. (2000) . For each pairwise comparison of alleles (all alleles from the same locus and population), a likelihood ratio test was used to determine whether x differed significantly from 1.0 (the value of x expected under neutral conditions- Yang et al. 2000) .
To identify codons subject to positive selection (x . 1.0) and to determine whether selection varied among codons from the same sequence, observed values of x were compared to 4 model distributions of this estimator using the CODEML subroutine of PAML (Yang 1997) . The 4 distributions examined were M0 (one-ratio), which assumes the same x ratio for all codons; M1 (neutrality), which assumes that codons are either conserved (x ¼ 0) or neutral (x ¼ 1); M2 (selection), which incorporates a 3rd class of codons with unrestricted values of x (e.g., x . 1); and M3 (discrete), which estimates the proportion of conserved, neutral, and unrestricted codons from the data. Likelihood ratio tests were used to compare M0 to M3, as well as to compare values of M1 to M2. According to Yang et al. (2000) , values of M2 and M3 indicative of codons with x . 1 can be interpreted as evidence of positive selection. Concordantly, comparisons of M0 and M3 can be used to detect the presence of variable values of x among codons from the same sequence. Once maximumlikelihood estimates of the parameters for each model were obtained, Bayesian posterior probabilities were used to assess whether specific codons were likely to be conserved, neutral, or subject to positive selection (Nielsen and Yang 1998) .
Estimating the intensity of selection.-The intensity of selection on each exon was estimated according to the method of Satta et al. (1994) , which makes use of molecular-level evidence (d N /d S ) of departures from neutrality. To incorporate potential differences in neutral genetic structure between the study populations, estimates of s were divided by 2N e (Satta et al. 1994) ; estimates of effective population size for Mar de Cobo and Necochea were based on microsatellite analyses of the study populations (Cutrera et al. 2006) . Genetic estimates of effective population size (N ge ) were generated using the following equation from Hartl and Clark (1989:equation 3.15) :
in which H is the expected heterozygosity averaged across all microsatellite loci (calculated according to Nei [1987] ) and l is the estimated mutation rate (10 À3 -Weber and Wong 1993).
RESULTS
All samples produced a single, clearly resolved band when amplified using primers for DRB or DQA. After cloning, no more than 2 sequences per individual were detected for either locus, suggesting that only a single copy of each gene was amplified. Comparisons with MHC sequences in GenBank revealed greater than 80% identity between C. talarum and DRB and DQA loci from other mammalian taxa. No insertions or deletions were detected among the sequences obtained and, when translated, sequences from C. talarum revealed no stop codons within the exons examined. Collectively, these findings suggest that our data were not confounded by the presence of pseudogenes.
Variability at DRB and DQA.-In general, variability at the 2 MHC exons examined tended to be greater for Mar de Cobo (Fig. 2) . A total of 16 allelic variants were detected at exon 2 of the DRB locus. Three alleles were shared between study populations, with the rest being unique to either Mar de Cobo or Necochea (Table 1) . Number of alleles, observed heterozygosity, and nucleotide and haplotype diversity were each greater for the Mar de Cobo population (Table 2) . A total of 4 allelic variants were detected at exon 2 of the DQA locus, 3 of which were shared among the study populations; only Mar de Cobo contained a population-specific DQA allele (Table 1) . Although number of alleles, observed heterozygosity, and haplotype diversity were greater for Mar de Cobo, nucleotide diversity at DQA was greater for Necochea (Table 2) . Significant linkage disequilibrium between the DRB and DQA exons was detected for Mar de Cobo (P ¼ 0.04) but not for Necochea (P ¼ 0.22). Comparisons with neutral markers.-In contrast to our findings for MHC exons, variability at intron 2 of the DQA locus tended to be greater for Necochea (Fig. 2) . A total of 4 allelic variants were detected for this portion of the DQA gene, all of which were shared between the study populations (Table 1) . Although the number of alleles detected was the same for Mar de Cobo and Necochea, observed heterozygosity and nucleotide and haplotype diversity were each greater for Necochea (Table 2) . These findings are consistent with analyses of microsatellite variation in the study populations (Fig.  2) , which indicate a significant tendency toward more alleles per locus at Necochea (Wilcoxon signed rank test: T ¼ 0.0, n ¼ 8, 2-tailed P ¼ 0.043- Cutrera et al. 2006) . Microsatellite heterozygosity also was generally greater for Necochea (6 of 8 loci), although this tendency was not significant (Wilcoxon signed rank test: T ¼ 5.0, n ¼ 8, 2-tailed P ¼ 0.069- Cutrera et al. 2006 ). Thus, examination of both microsatellite data and data from intron 2 of the DQA locus suggests that, in contrast to variation at the MHC exons examined, neutral genetic variation tended to be greater for Necochea (Fig. 2) .
Population-level evidence of selection.-Population-level evidence of selection differed between loci but not between study populations. For exon 2 of the DRB locus, genotypic frequencies did not deviate significantly from Hardy-Weinberg expectations in either study population (Mar de Cobo: n ¼ 30, P ¼ 0.356; Necochea: n ¼ 30, P ¼ 0.950). Similarly, EwensWatterson tests (Ewens 1972; Watterson 1978) In contrast, Hardy-Weinberg tests revealed that observed heterozygosities at exon 2 of the DQA locus were significantly greater than expected in both study populations (both n ¼ 30; both P , 0.0001). Similarly, Ewens-Watterson tests (Ewens 1972; Watterson 1978) (Tajima 1989) for the intron were negative, although these values did not differ significantly from 0 in either study population (Mar de Cobo: D ¼ À1.74, P . 0.05; Necochea: D ¼ À0.185, P . 0.05). Thus, variability at intron 2 was consistent with the presumed neutrality of this portion of the DQA locus.
Molecular-level evidence of selection.-For both exons examined, molecular-level evidence of selection was consistently stronger for Mar de Cobo. For DRB, the 273-bp exon 2 translated into a sequence of 91 amino acids, including 16 possible binding sites for foreign peptide presentation (Brown et al. 1993 ). At Mar de Cobo, 5 (50%) of 10 variable (Table 3) . However, only the a-helix from Mar de Cobo showed a significant departure from neutral expectations (Table 3) . Likelihood ratio tests revealed no difference in fit between models M0 and M3 for Necochea; although M3 provided a better fit for Mar de Cobo, the difference between models was not significant (Table  4) , thus providing no evidence that estimates of x differed among codons in the same sequence. Analyses of models M2 and M3 suggested the presence of 2 positively selected codons at Mar de Cobo (codons 46 and 63; both P , 0.05) but no positively selected codons at Necochea (Table 4) .
For DQA, the 177-bp exon 2 translated into a sequence of 59 amino acids. In both study populations, the only variable amino acid residue occurred in the region thought to be associated with foreign peptide binding (see Brown et al. 1988) . The structure of the DQA exon has not been characterized as thoroughly as that of the DRB exon (Meyer and Thomson 2001) and, hence, we were unable to identify specific subregions of the DQA sequence (e.g., a-helix) for detailed analysis. As a result, we calculated d N /d S for the entire exon only. The value of d N /d S obtained for Mar de Cobo was greater than that for Necochea, although neither differed significantly from neutral expectations (Table 3) . Likelihood ratio tests revealed no significant differences in fit between models M0 and M3 for either study population (Table 4) , providing no evidence that x differed among codons within this exon. Similarly, analyses of models M2 and M3 revealed no evidence of individual codons within the DQA exon that were subject to positive selection (Table 4) .
Relative intensity of selection.-The estimated intensity of selection (s) for exon 2 of the DRB locus was 7.2 times greater for Mar de Cobo (s ¼ 2.19) than for Necochea (s ¼ 0.30). When differences in effective sizes of the study populations (estimated from microsatellite data; N e MAR DE COBO ¼ 181, N e NECOCHEA ¼ 345- Cutrera et al. 2006) were taken into ) to synonymous (d S ) base-pair (bp) substitution rates at 2 major histocompatibility complex class II loci. Data are from populations of Ctenomys talarum at Mar de Cobo (MC) and Necochea (NC), Argentina. Thirty adults per population were sampled. The number of codons examined for each exon is given as n. P values are from z-tests comparing observed d N /d S ratios to 1.0, the value expected under neutrality; NS indicates no significant departure from neutral expectations. For exon 2 of the DRB locus, d N /d S values were calculated for the entire 273-bp fragment sequenced, as well as for the subregions of this exon (Brown et al. 1988 (Brown et al. , 1993 -Results of likelihood ratio analyses comparing different models of codon substitution rates at major histocompatibility complex loci in Ctenomys talarum. Data are from populations of C. talarum at Mar de Cobo (MC) and Necochea (NC), Argentina (n ¼ 30 adults per population). Models of codon substitution examined were M0 (one-ratio model), M1 (neutral model), M2 (selection model), and M3 (discrete model); pairwise tests of these models were performed according to Yang et al. (2000) . For each comparison, the likelihood ratio statistic (2Ál) is shown, as are P values from the chi-square tests performed according to Yang et al. (2000) . No significant differences were found between any pairs of models. 
DISCUSSION
Patterns of variation at the 2 MHC exons examined differed markedly from those at the microsatellite and intron regions considered. As expected, neither the microsatellite loci nor the DQA intron showed significant departures from neutral expectations. In contrast, significant population-level departures from neutrality were detected for exon 2 of the DQA locus and significant molecular-level evidence of nonneutrality was obtained for exon 2 of the DRB locus. At the same time, although variability at the DRB and DQA exons tended to be greater for the higher-density, more kinstructured Mar de Cobo population, microsatellite and intron variation were greater for Necochea. Overall, these findings suggest that in C. talarum, the forces maintaining variation at MHC exons differ from those acting on microsatellites or MHC introns.
Selection and population history can have similar effects on genetic structure (Nielsen 2001) , making it difficult to distinguish between the outcomes of these phenomena. However, previously published analyses of microsatellite loci (Cutrera et al. 2006) provide no evidence that the study populations differ with respect to historical reductions in variability (e.g., bottlenecks -Cutrera et al. 2006) . Similarly, although Tajima's D-tests revealed a tendency toward an excess of lowfrequency alleles at the DQA intron, neither Mar de Cobo nor Necochea deviated significantly from neutral expectations, providing no evidence that these populations differ with respect to historical expansions. Collectively, these analyses suggest that the observed differences in neutral variability between Mar de Cobo and Necochea reflect the well-documented demographic differences between these populations (Busch et al. 1989; Busch 1991, 1997; Malizia et al. , 1995 Zenuto et al. 1999a Zenuto et al. , 1999b Zenuto et al. , 2002 .
Selection is often difficult to detect for sample sizes that are typical of studies of free-living vertebrates (Hedrick et al. 2000; Satta et al. 1994) . To address this problem, we employed multiple population-and molecular-level analyses to examine departures from neutrality. The consistent trends identified by these analyses coupled with the marked differences in variability at neutral compared to MHC loci suggest that, despite limited statistical support for selection on DRB, the exons examined are subject to selection (see also Hambuch and Lacey 2002; Wegner et al. 2003) . Estimates of the intensity of selection were consistently greater for Mar de Cobo, indicating that demographic or other differences between the study populations may have contributed to observed patterns of variation at these MHC loci.
Comparisons between loci.-Our analyses revealed conspicuous differences between DRB and DQA with regard to variability and estimated intensity of selection, with both parameters typically being greater for DRB. This type of positive relationship between selection intensity and allelic variability is expected under a model of balancing selection (Richman 2000; Satta et al. 1994 ). While significant molecular-level evidence of selection was found only for DRB, significant population-level evidence of selection was limited to DQA. In part, this difference may reflect the statistical algorithms employed in our analyses. For example, selection becomes more difficult to detect as the number of alleles at a locus increases, particularly for tests based on allelic or genotypic frequencies (Satta et al. 1994) . As a result, evidence of selection may have been more difficult to obtain for DRB, which was characterized by at least twice as many alleles per population as DQA. Although this tendency may have contributed to the lack of significant population-level evidence of selection on DRB, it does not account for the finding that variability and intensity of selection were consistently greater for this locus, suggesting that other factors have contributed to the observed differences between DRB and DQA.
Differences in intensity of selection at these loci have also been reported for humans (Salamon et al. 1999; Satta et al. 1994) , northern elephant seals (Mirounga angustirostris- Weber et al. 2004 ), cotton-top tamarins (Saguinus oedipus- Gyllensten et al. 1994) , wolves (Canis lupus-Seddon and Ellegren 2002), and dogs (Canis lupus familiaris- Kennedy et al. 2000 Kennedy et al. , 2001 ; in each case, allelic variability was greater for DRB. Intensity of selection also tended to be greater for DRB, particularly for humans (Satta et al. 1994) , suggesting a consistent, perhaps functional basis for differences in variability between these loci. Both of the exons examined in this study are thought to be involved in binding foreign peptides (Brown et al. 1993; Hughes and Hughes 1995) . Although the distributions of nonsynonymous substitutions detected here are consistent with immunologically active MHC molecules (Brown et al. 1988 (Brown et al. , 1993 , the specific functions of these genes remain poorly characterized. Thus, locus-specific differences in activity or the nature of the peptides detected may contribute to the observed differences in variability and selection at these genes. Further, studies indicating that individual class II alleles may be associated with specific pathogens (Froeschke and Sommer 2005; Paterson et al. 1998; Schad et al. 2005) imply that these aspects of MHC diversity may vary in response to environmental or demographic conditions. As the number of studies that examine variability at multiple MHC loci increases, our understanding of locus-specific differences in function and response to selection also should increase.
Comparisons between populations.-Comparisons of the study populations revealed that measures of selection and variability at MHC loci were typically greater for Mar de Cobo. This is consistent with predictions based upon demographic differences between these populations, in particular the greater density and greater degree of inbreeding characteristic of Mar de Cobo. Population density is believed to be a significant determinant of pathogen exposure (Anderson and May 1979; Arneberg 2002; Coté and Poulin 1995) ; as density increases, exposure to pathogens should increase, leading to potentially stronger selection for diversity at MHC loci (Bernatchez and Landry 2003; Hughes et al. 1994; Penn and Potts 1999) . Concomitantly, as the degree of kin structure increases, the potential for inbreeding should increase (Perrin and Mazalov 1999) ; if inbreeding decreases fitness, greater kinship among potential reproductive partners may lead to enhanced selection for MHC diversity as a mechanism for preventing matings among close kin (Penn and Potts 1999) . Density also may influence selection through its effects on total population size and mating behavior, both of which, in turn, should impact effective population size (Frankham 1995; Nunney and Elam 1994) . Specifically, differences in N e may affect patterns of variation at nearly neutral loci, thereby driving the interaction between weak selection and drift; as N e becomes larger, weak selection should become more important (Hartl and Clark 1989) . Thus, the demographic differences between the study populations may have contributed to the observed differences in selection at DRB and DQA in multiple ways.
Intraspecific comparisons provide a powerful tool for exploring the effects of demography on selection because such analyses are unlikely to be confounded by significant differences in phylogenetic (i.e., evolutionary) history (Avise 2004) . However, most studies of MHC variation in free-living vertebrates have focused on larger taxonomic or geographic scales (Boyce et al. 1997; Kim et al. 1999; Landry and Bernatchez 2001) , making it difficult to assess the relative importance of current versus historical influences on these loci. In contrast, because the current study exploits intraspecific differences in population structure, it offers particularly compelling evidence that demography may be an important determinant of selection on MHC loci. However, analyses of additional populations of Talas tuco-tucos are needed to test the generality of apparent relationships between population density, degree of inbreeding, and patterns of neutral and nonneutral genetic variation. At the same time, studies of variation at DRB and DQA in multiple species of the genus Ctenomys should provide a critical evolutionary perspective on the roles of demography and selection in maintaining MHC variation in this genus.
Implications for studies of MHC loci.-Our analyses of MHC variation in C. talarum add to a growing body of evidence suggesting that behavior and demography influence patterns of selection at MHC genes. Studies of MHC class II loci in other free-living mammals have revealed that allelic diversity, heterozygosity, and intensity of selection appear to vary with social structure (Hambuch and Lacey 2002; Kundu and Faulkes 2004) and mating system (Sommer et al. 2002) . Numerous studies have examined MHC variation in populations that have experienced severe historical bottlenecks, often due to anthropogenic factors (Hedrick et al. , 2000 Hoelzel et al. 1999; Lukas et al. 2004; Smulders et al. 2003; Van Den Bussche et al. 2002; van der Walt et al. 2001; Weber et al. 2004) . In contrast, the present study explores the effects of selection in populations that, although demographically distinct, do not appear to have experienced significant historical reductions in genetic variability (Cutrera et al. 2006) . Our analyses suggest that population structure may be an important determinant of MHC diversity even in the absence of pronounced, historical demographic events. Future analyses of this type should continue to yield important insights into interactions among demography, selection, and immunogenetic variation.
RESUMEN
Aunque las interacciones entre comportamiento, demografía y diversidad genética han sido estudiadas en forma extensiva para marcadores neutrales, las relaciones entre dichas variables son aun pobremente comprendidas para loci que se encuentran bajo selección. Los genes del complejo principal de histocompatibilidad (MHC) proveen una oportunidad particularmente apropiada para examinar el impacto de la selección sobre la estructura genética; se presume que el alto nivel de polimorfismo característico de estos loci es mantenido por presiones selectivas ejercidas por la exposición a parásitos y/o la depresión por endogamia, ambos influidos por el comportamiento y la demografía. Con el fin de explorar las interacciones entre estructura poblacional, selección y diversidad genética, comparamos los niveles y patrones de variabilidad de MHC en dos poblaciones de Ctenomys talarum, un roedor subterráneo que habita en el este de Argentina, que difieren demográfica-mente. Específicamente, pusimos a prueba la predicción de que la selección sobre 2 loci clase II (DRB y DQA) debería ser mayor en la población de Mar de Cobo, la cual es más densa y endogámica. Para ambos loci, tanto el número de alelos como la heterocigosis fueron mayores en Mar de Cobo que en Necochea. De igual manera, las estimaciones de intensidad de selección (corregidas por las diferencias en el tamaño efectivo poblacional) fueron mayores en Mar de Cobo para ambos loci, como fuera predicho en base a las diferencias demográficas y de comportamiento de las poblaciones de estudio. Las diferencias de variabilidad entre loci son examinadas con respecto a la funcionalidad de dichos genes, mientras que las diferencias entre poblaciones son evaluadas con respecto a las diferencias demostradas en características demográficas y de comportamiento entre ellas.
